ological and behavioral measures were significantly correlated. Interestingly, the behavioral measures were not correlated with frequency of excitatory postsynaptic currents or the proportion of neurons showing these currents, responses to a battery of neurotransmitter agents, or rapid activating potassium currents (including I A ). Considering the results here in the context of a large body of literature on NGC, we hypothesize that the developmental increase in NGC neuronal excitability participates in causing the increased behavioral responsivity during the postnatal period from P3 to P6.
Development of Electrophysiological Properties of Nucleus Gigantocellularis Neurons Correlated with Increased CNS Arousal

Introduction
Some classical fundamental problems in neuroscience address questions about the mechanisms necessary for a wide variety of behaviors to be initiated. A long history of behavioral research has focused on the capacities of mouse and rat neonatal pups. This line of work has matured into the presentation of specific questions, e.g. the effects of endocrine disruptors [1] , neonatal androgen levels [2] , and roles for neonatal ultrasonic vocalizations [3] . Our study is novel in that it is the first to focus on behavioral arousal for its own sake and for its correlation with patch clamp, whole-cell recordings of neuronal electrical activity.
Adequate CNS arousal, sometimes conceived as 'generalized arousal' [4] , has been importantly addressed by many neuroscientists and molecular biologists [5] [6] [7] [8] . One particularly critical time at which adequate CNS arousal is required must be at the onset of behavioral responsiveness soon after birth. During the course of animal preparations for patch clamp recording experiments, we noticed a steady transition in behavioral responsiveness during the period from postnatal day 3 (P3) to P6, and decided to study this developmental time period systematically.
What neuronal changes accompany, or even cause this early transition in the activation of movement? One prominent possibility would be the large medullary reticular neurons in the nucleus gigantocellularis (NGC). It has been argued [9] that these neurons play a central and fundamental role in generalized arousal. They possess the neuroanatomical connectivity, physiological responsivity, and arousal-related gene expression to do the job of facilitating the initiation of a wide variety of behaviors.
Connectivity
NGC neurons contribute importantly to ascending arousal pathways in the brainstem, both those that will travel the medial forebrain bundle to the basal forebrain and those which will activate the central thalamus [10] . Likewise, axons descending from the NGC travel to all levels of the spinal cord, with bilateral terminations [11] [12] [13] . Some NGC neurons show bifurcating axons, thus having the capacity to contribute to both ascending and descending arousal pathways [14] .
Responsivity
Electrical recordings of single NGC neurons in awake behaving animals have showed that these neurons could respond to all sensory modalities tested [15] . Moreover, in animals standing quietly, neurons were observed to start firing just before movement [16] . Optogenetic activation of a portion of NGC neurons causes activation of the cortical EEG and the onset of movements even in anesthetized animals [17] . Importantly, deletion of NGC neurons that express the Chx10 gene hampered movements in mice [18] .
Gene Expression
Genes coding for arousal-related receptors and those serving increased arousal (e.g. orexin receptor-1) or decreased arousal (e.g. opioid receptors) are expressed in NGC neurons [12] .
The firing rate/patterns of brainstem NGC neurons have been shown to be correlated with various movement-REM (rapid eye movement) electroencephalogram (EEG) [16, 19] . Conversely, either direct electrical stimulation [20] , pharmacologic, or optogenetic disinhibition of NGC neurons [17] caused an elevation of CNS arousal as measured by the cortical EEG.
Thus, we hypothesized that changes in NGC electrical excitability would be related to the onset of movements during the important developmental period of P3-P6. Following measurements of the initiation of movement during this period, we recorded several measurements of electrical excitability of NGC neurons in the same animals.
Materials and Methods
All procedures in handling and treating the animals were approved by The Rockefeller University's Animal Care and Use Committee in accordance with the Animal Welfare Act and the Department of Health and Human Services' 'Guide for the Care and Use of Laboratory Animals'. Animals P3-P6 C57BL/6J mouse pups were used. The age range was chosen based on: (1) to cover the period of important progress of arousal-related behaviors and of neuronal characteristics, which plateaued or nearly so at P6, and (2) also to guarantee successful patch clamp recordings from NGC neurons, which are easy to visualize before the growth of reticular fibers in adults. All animals were maintained in air-conditioned rooms with the temperature controlled at 23 ± 2 ° C under a reversed light/dark cycle with lights on from 5: 00 p.m. through 5: 00 a.m. Animals were housed in plastic cages, and given water and food ad libitum. All experiments included whole-cell patch clamp recording and behavior measurements were performed between 9 a.m. and 4 p.m. (during the light period of the daily light cycle).
Brain Slice Preparation
Brainstem slices containing NGC from young mouse pups were prepared as described previously [15, 21, 22] . Briefly, mice were deeply anesthetized with isoflurane (used with an Anesthesia Machine from LEI Medical Co.) and decapitated to quickly remove the brain. The brain was then rinsed and chilled with ice-cold [4 ° C aerated (95% O 2 /5% CO 2 )] sucrose artificial cerebrospinal fluid (ACSF) for about 1 min. Sucrose ACSF is the solution that has all the NaCl in the ACSF replaced by sucrose in order to prevent neuron damage from overexcitation. After removing the pia mater from the ventral surface, the brainstem was blocked out and fixed on the cutting stage of a vibratome (Model 1000 Plus; The Vibratome Company, St. Louis, Mo., USA) using Krazy Glue. The brainstem was immersed in ice-cold sucrose ACSF and 250-μm-thick brainstem slices containing NGC were collected from the anterior one third of medullary reticular formation, matching the placement of the electrodes implanted for in vivo chronic recording [17] . Slices were then stored in ACSF at room temperature for at least 1 h before recording. The constituent of ACSF is (in m M ): NaCl, 126; KCl, 5; NaH 2 PO 4 , 1.25; CaCl 2 , 2; MgCl 2 , 2; NaHCO 3 , 26; dextrose, 10; and oxygenated with 95% O 2 /5% CO 2 .
Whole-Cell Patch Clamp Recordings
The brain tissue slice was transferred to and placed on the bottom of the recording chamber fixed to the stage of an upright microscope (Olympus BX50WI). The slice was superfused with oxygenated ACSF at about 2 ml/min. All recordings were performed at room temperature. Neurons in the slice were visualized with infrared differential interference contrast optics. The NGC was located under low magnification (40×) and guided by landmarks. NGC neurons were selected and patched under higher magnification (400×) with electrodes pulled from borosilicate glass pipettes (G8515OT-4; Warner Instruments, Hamden, Conn., USA) using a Narishige PP-830 puller. Electrode resistance was 5-7 MΩ when filled with an internal solution composed of (in m M ): K-gluconate, 140; EGTA, 5; MgCl 2 , 2; NaHCO 3 , 0.6; HEPES, 10; Mg-ATP, 2; Na 2 -ATP, 2; CaCl 2 ,1; Na-GTP, 0.3; and sucrose, 8.3. The liquid junction potential between the pipette and bath was not measured, but was calculated using Clampex's junction potential calculation tool. However, since our most interesting results turned out to be current amplitudes that are not affected by that correction, no correction -on-line or off -was performed. Whole-cell current or membrane potential (Vm) was amplified with Multiclamp 700B and recorded and analyzed with Clampex and Clampfit, respectively (Axon Instruments).
Experimental Procedures
Once a whole-cell configuration was established, the resting membrane potential (Vm) was measured and then subjected to a membrane test. If the patch met the criteria of access resistance (Ra) ≤ 15 MΩ, leak current ≤ 50 pA, and resting Vm equal or more negative than -45 mV, then the recording proceeded to undergo tests with the following series of protocols. First, a 10-sweep current step protocol to induce action potential (AP). The current was held at zero and the first level at -20 pA followed by nine 10-pA increment steps. Second, a single voltage step from -70 to 0 mV for 10 ms to induce inward and outward currents. Third, a 14-sweep voltage step protocol with holding potentials (Vh) at -70 mV was used for constructing I-V curves. The first level (sweep) was -110 mV in order to activate K + currents activated by hyperpolarization. This was followed by thirteen 15-mV increments. Fourth, a voltage step protocol the same as the third protocol, except that the Vh is -40 mV; at this voltage the rapid activating K + currents are inactivated [23] . The last two protocols are illustrated in the Results section. Fifth, a gap-free protocol with the Vh at -70 mV was employed to record excitatory postsynaptic current (EPSC). Sixth and finally, a gap-free protocol with the current clamped at around -70 mV to study the responses of NGC neurons to a battery of bath-applied neurotransmitter receptor agonists (to be referred to as 'test agents' for brevity).
Test Agents
Neurotransmitter agonists, including N-methyl-D -aspartate (NMDA), glutamate (Glut), phenylephrine (PhE), histamine (HA), and γ-aminobutyric acid (GABA) were used. They were dissolved with ACSF, first as stock solutions and then diluted before use to final concentrations of: NMDA 20 μ M , Glut 50 μ M , PhE 100 μ M , HA 100 μ M , and GABA 30 μ M . They were applied through the bath. All test agents and the materials for internal and bath (ACSF) solutions were purchased from Sigma Chemical Company.
Measurements of Neuronal Characteristics
From the current step protocol, the threshold and the amplitude of the AP with the shortest latency were measured. The threshold is defined as the intersection of the extension of the depolarization slope and the slope of the rising phase of the AP. From the threshold to the peak of the AP is its amplitude. The amplitude of inward and outward currents induced by a single voltage step are measured from the baseline. Results from multiple voltage steps were plotted into I-V curves with the standard Clampfit program. The troughs and peaks, respectively, of the inward (negative) and outward (positive) currents are referred to as negative and positive peak currents, respectively. The average of the last 100 ms of each trace is plotted as the steady state current. Amplitudes of the rapid and fast activating K + currents, which are defined in the Results section, are measured accordingly. The currents measured were not scaled to cell size. The EPSC trace was analyzed with a Minianalysis program (Synaptosoft Inc.) to obtain the frequency, amplitude, and area of EPSCs recorded.
Behavioral Assay
A separate group of 14 × 4 (n = 14 for each age) of P3-P6 male and female young mouse pups were used. They were allowed to acclimatize to the observation room for at least half an hour before testing. Tests were performed under dim (red) light. All observations were done during the dark phase between 9 a.m. and 4 p.m. For the behavioral assay, a pup was placed in the center of a hyaline cube box with a 16 × 16 × 12 cm dimension, and after the latency to the initial movement was recorded (= time 0), it was further observed for 900 s for movement and quiescence durations. The entire observation was recorded and saved on a computer for review. The latency to first movement was recorded, and then the duration of total movement and quiescence duration were measured. The movement duration is the sum of the time when: (1) the pup raised its head, (2) shifted its limbs, (3) circled, or (4) crept forward. The 'quiescence' time was recorded as the total time the animal laid absolutely still, without any movement. The net distance between starting and final locations was measured at the end of the observation.
Data Analysis
Data are presented as means ± SEM (n). One-way ANOVA or a χ 2 test was used to compare two samples. Whether changes from P3 to P6 in any measurement were significant was tested with the Mann-Kendall test for trend (MKT). Correlations between any electrophysiological measure and any behavioral measure were tested with the Spearman rank correlation coefficient test. The significance level was set at p < 0.05, two-tailed, unless otherwise stated. Of other characteristics of induced APs from NGC neurons defined in the Methods, the amplitude increased and the threshold of first AP decreased steadily and significantly (p = 0.042) from P3 through P6 ( table 1 , Action potential).
Results
Current
Inward and Outward Currents Increase from P3 to P6
As in the case of AP characteristics, both inward and outward currents of NGC neurons, induced by the onestep depolarization, increased steadily and significantly (p = 0.042) from P3 through P6 ( table 1 , Currents by single voltage step).
The amplitude of both types of currents mentioned above on P6 are significantly greater than those on P3 (ANOVA, all p < 0.05, table 1 ).
Changes in Currents Generated by I-V Steps
A typical example of currents generated by the I-V steps at the holding potential (Vh) of -70 mV is illustrated in figure 2 a, and the resulting I-V plot with positive and negative peaks and steady state currents are presented in figure 2 c. As shown in figure 2 c, the negative trough maximal current (NPk) was elicited at several command- ing voltage steps, but was greatest at -35 mV, indicating that, in this case at least, the NPk was mainly Na + currents and most likely also some Ca 2+ currents. In slice recording, where imperfect space clamp sometimes occurs, the inward currents may also contain 'axial currents' (indicated by the out-of-place inward current in fig. 2 a) induced by an axonal AP escaping the imperfect space clamp [24] . The axial current may contain other currents than the main Na + current. Having flowed through small neurites into the large soma, the axial current would be dispersed and therefore would not affect our main finding (see below). Like the inward currents induce by single voltage step (from -70 mV to 0 mV for 10 ms), both NPk currents obtained with Vh at -70 and -40 mV also increased (became more negative) monotonically and significantly (p = 0.04) from P3 through P6 ( table 1 ) . The single voltage step is too brief to allow for axial current to contaminate the inward current the voltage step evoked. When neurons are held at -40 mV, near the AP threshold, the axonal AP and, hence, the axial currents are inactivated [24] . Therefore, the inward currents measured with holding potential (Vh) at -40 mV are devoid of the 'axial current' (note that the 'axial current' is no longer detectable in fig. 2 b) . The fact that the NPk obtained with Vh at -70 mV is similar to these two currents indicated that the con- In a , the middle traces, from the second trace below through the third trace above the red highlighted one (see online version for color), the current response is initiated by a rapid upswing (i.e. rapid activating current). These upswings are expanded and illustrated in inset a and reflected as the gaps between PPk and SSt curves in the I-V plot c . In contrast, these upswings can no longer be seen in b or inset b , and are reflected as the vanishing of the PPk-SSt gaps from -35 through 25 mV in the I-V plot d . All of these indicate that rapid activating currents were inactivated at a Vh of -40 mV. Note that after the rapid activating currents disappeared in a or inactivated in b , traces, especially upper ones, are still initiated with a gentle 'peak'. These peak currents are slower than the rapid activating currents and are referred to as 'fast activating currents'. tamination, if any, by the axial current did not affect the main finding of a monotonic increase. Similar to inward currents, the steady state (SSt) currents also increase in the same fashion ( table 1 ). The monotonic changes of these two types of currents are correlated with the similarly monotonic changes of arousal-related behaviors ( table 3 ). In contrast, the positive peak currents, which are a combination of steady state and other currents (see below), did not change in a monotonic fashion, although their amplitudes are significantly (p < 0.01) larger on P6 than on P3 ( table 2 ) .
The rapid activating current was determined and measured as follows. In the typical example shown in figure 2 a, one can see some traces (traces 6-11, fig. 2 , inset a) have a sharp upswing upon the application of voltage steps with holding potential (Vh) at -70 mV ( fig. 2 , inset  c) . These rapid outward currents were abolished when the holding potential was set at -40 mV ( fig. 2 , inset d) , which would inactivate rapid activating and rapid inactivating K + currents [23] . This is clearly shown in figure 2 b and the inset b, where traces rise smoothly to a gentle top without any trace of a sharp upswing. These results are also reflected in the corresponding I-V plots. In figure 2 c, the plot for traces in figure 2 a, starting from the commanding voltage -35 mV, there are gaps between positive peak (PPk) and SSt currents. In contrast, in figure 2 d generated with Vh at -40 mV, these gaps disappear from commanding voltages -35 through 25 mV, indicating that the gaps represent the amplitude of the rapid current. The gap increases and then decreases with the maximum at, in this example, -5 mV, highlighted in red in figure 2 a and inset a. This largest gap is regarded as the amplitude of the rapid activating and inactivating currents, commonly known as the A-current.
The amplitude of the rapid activating and inactivating currents varied over the age of P3 through P6, but not monotonically ( table 2 ) ; therefore, the changes are not correlated with the changes of arousal-related behaviors that all develop monotonically ( table 3 ) . Figure 2 also illustrates the existence of another outward current. In figure 2 a, numbers 3, 4 , and 5 trace from the top a secondary increase in current after the rapid peak is visible. These increases persist much longer (slow inactivating) than the rapid activating currents and are reflected by the nearly parallel PPk and SSt current in the I-V plot from 40 mV through 85 mV ( fig. 2 c) . These currents are not inactivated by raising the Vh to -40 mV ( fig. 2 b) , which contributes to the later (beyond 25 mV) fig. 2 d) ; hence, they are distinct from the rapid activating currents. Based on these characteristics, these currents are referred to as the fast activating and slow inactivating current, and are measured as the difference between the maximal (at 85 mV) PPk and SSt currents generated by protocol with Vh at -70 mV ( fig. 2 c) . Like rapid activating currents, the variation of fast activating currents over P3 through P6 is not in the form of a monotonic change ( table 2 ), and thus the change was not correlated with the monotonic changes of arousal-related behaviors.
Absence of Significant Changes of EPSCs Recorded over P3-P6
EPSCs of NGC neurons were recorded to assess their connections with other neurons. Typical examples for the absence and the presence of EPSCs are presented in figure  3 a and b, respectively. Contrary to our expectation, the amplitude and the area of EPSCs examined decreased monotonically and were statistically significant over the observation period from P3 through P6 ( table 1 ) . However, the percentages of neurons showing EPSCs were steady over the observation days ( table 2 ), indicating that the neuronal connections are stabilized. This indication is supported by the lack of significant change over days in the EPSC frequency ( table 2 ) that reflects the stable presynaptic conditions.
The Responsiveness of NGC Neurons to a Battery of Neurotransmitter Agents Virtually Did Not Change over P3-P6
As illustrated in figure 4 , all the test agents used, including GABA, evoked depolarization, even if the NGC neuron was incapable of firing AP. Of all the neurons tested, regardless of age, NMDA (20 μ M ) was the most effective, stimulating all 29 neurons tested (100%) ( fig. 4 a) . This was followed by 96% (or 26 of the 27 neurons tested) by PhE (100 μ M ), then 90% (or 26/29) by HA (100 μ M ), 57% (or 17/25) by Glut (50 μ M ), and lastly 57% (16 in 28) by GABA (30 μ M ) ( fig. 4 b-e, respectively) . Similar application of vehicle (ACSF) never had an effect ( fig. 4 f) . It is surprising to find that Glut, even at higher concentrations, was less effective than NMDA in depolarizing NGC neurons.
Findings that both NMDA and Glut evoked depolarization are to be expected as they both are excitatory agents. So are those of PhE, which is an agonist for adrenergic receptor α 1 -subtype that mediates depolarization/ excitation [25, 26] . The seemingly unusual finding of GABA inducing depolarization is actually not surprising [27] [28] [29] since, in rat hippocampus, GABA induces excitation from P1 through at least P7 before inducing hyperpolarization when the animal becomes more mature (see [29] and the references therein). The mechanism of GABA excitation is twofold: (1) it induces a net outward flux of Cl -, resulting in a membrane depolarization, (2) that subsequently opens voltage-gated Ca 2+ channels for further depolarization (see [29] and the references therein). In the brain, HA has at least three receptor subtypes: H1 mediating depolarization and H2 and H3 inducing hyperpolarization [30] . The fact that HA was found to induce only depolarization indicates that H1, but not H2 or H3, is already developed in these young pups. Relevant to the main line of thought in this study is the lack of change in other neurotransmitter actions over the days of experimentation ( table 2 ) . NMDA stimulated all neurons: on P3 (n = 8), P4 (n = 8), P5 (n = 6), and P6 (n = 7). PhE stimulated all 6 neurons on P3, all 8 on P4, all 6 on P5, and 6 out of 7 neurons on P6. HA stimulated 5/5 on P3, 8/9 on P4, 5/6 on P5, and 6/7 on P6. Responsiveness to Glut are 4/6, 5/7, 4/6, and 4/6 from P3 through P6, respectively. GABA stimulated 2/7, 6/8, 4/6, and 4/7 on P3 through P6, respectively.
Firing Capability of Hippocampal CA1 Neurons
To determine whether the development of AP characteristics also occurs from P3 to P6 in other neuronal types, and to supplement the existing literature (see Discussion), CA1 neurons from the hippocampus were also studied. Eight CA1 neurons from P4 mice were recorded and all 8 were capable of firing APs ( fig. 5 ) ; 5 (63%) fired AP trains, and 3 (37%) fired a single AP. This is in contrast with NGC neurons, which at P4 only 33% were able to fire any AP. These comparisons suggest that, as expected, not all neurons in the brain developed in synchrony with NGC neurons or with the behavioral changes (see Discussion).
The Capacity for Behavioral Arousal of Mouse Pups Increases during P3-P6
All four measures of the initiation and maintenance of mouse movements changed monotonically and in a significant manner (all p = 0.04) over the observation days P3 through P6 ( table 3 ) . Total quiescence duration decreased and total movement duration increased steadily from P3 to P6 ( fig. 6 ) . Similarly, the latency to the first movement after the start of the assay was decreased, and the net movement distance increased steadily from P3 through P6; the results of P6 versus P3 are significantly different ( fig. 7 a) .
Comparisons between NGC Recordings and Behavioral Measures
To determine whether there is any correlation between NGC neuronal characteristics recorded and the animal behaviors measured, the statistically conservative Spearman rank correlation coefficient test was employed. We first compared the neuronal characteristics that had P3-P6 significant (p < 0.05) developmental changes, including capability to fire AP trains, AP amplitude, threshold to AP, amplitude of inward and outward currents, and amplitude of negative peak current ( table 1 ) . We then compared them to all measures of behaviors, including latency to first movement, quiescence duration, movement duration, and distance -all of these had significant (P3-P6) changes ( table 3 ) . These comparisons show that each and every one of these neuronal characteristics is sig- nificantly correlated with each and every one of the behavioral measures ( table 3 ). Figure 7 b illustrates an example of such correlation between NGC neuronal capability to fire AP trains and movement duration. Correlations between the AP train capability with movement distance and the reversal of the latency to first movement are also obvious by comparing traces in figure 7 b to those in 7a. In contrast, none of the neuronal characteristics without a significant monotonic developmental P3-P6 change was correlated with any of the behavioral measures. Such NGC neuronal characteristics include amplitude of positive peak, rapid and fast activating currents, negative peak position, all characteristics of EPSCs, and responses to any neurotransmitter agents tested ( table 2 ) .
Discussion
In the present study, we found several interesting results. First, among the electrophysiological characteristics of NGC neurons studied, some changed monotonically during the time interval day P3 through P6 ( table 1 ),  while others did not ( table 2 ) . Second, all of the arousalrelated behaviors observed showed a statistically significant monotonic change during P3-P6 ( table 3 ) . Third, each and every one of the behavioral measures correlated with each and every one the neuronal characteristics that changed monotonically during P3-P6 ( table 3 ) . These correlations allow us to argue, in the context of robust literature (see below), that NGC neurons play a critical, causal role in the initial development of arousal-related behavior in the neonate.
Major Findings Electrophysiology
The present study is the first report on the electrophysiological characteristics of NGC neurons in the neonatal stages, although studies on young adults had been reported [31, 32] . Electrophysiological characteristics of NGC neurons that changed in monotonic fashion during P3-P6 include increases in the capacity to fire AP trains ( fig. 1 ) , the amplitudes of APs, the inward currents induced with a single voltage step ( table 1 ) , and both sets of negative peaks (inward currents) from the I-V plots measured at Vh of -70 and -40 mV ( table 1 ) to address a question about axial current from incompletely clamped neurites. All of these changes during neuronal development have been reported for other types of neurons, namely the de- velopment of mouse Purkinje cells in vivo [33] and in vitro [34] , rat Purkinje cells in vitro [35] , rat cortical pyramidal neurons [36] , forebrain neurons derived from human induced pluripotent stem cells [37] , neurons differentiated in vitro from embryo stem cells [38] and embryonic stem cells [39] , spinal motor neurons from human embryonic stem cells [40] , and a cell line, NG108-15 cells [41] . Nearly all of these reports attributed some or all of these changes in neuronal characteristics to the increase in the expression of Na + channels [34] [35] [36] [37] [39] [40] [41] . The kinetics of these channels did not seem to matter [36] . Also, we [42] and others [43, 44] have found that the inward currents induced with the same protocol used in the present study are virtually all composed of Na + currents. The fact that the changes of these characteristics correlated with the development of arousal-related behaviors during P3-P6 therefore indicates that the development of NGC neurons' Na + channels plays an important role in the progress of arousal during this critical arousal development 'time window'.
We found that all of our behavioral measures ( table 3 ) correlate with neuronal capability to fire AP trains ( table 1 ), but not with the simple occurrence of single APs ( table 2 ) . This means that the increase in the expression of the Na + channel we observed, while essential for the maturation of APs, is not sufficient for enabling NGC neurons to fire AP repetitively in trains. This has also been reported for pyramidal neurons derived from stem cells, in which Na + currents are not correlated with whether neurons fire single, multiple, or long trains of APs [39] . It is to be noted that certain subtypes of Na + currents, such as the persistent (I NaP ) [45, 46] and the resurgent Na + currents [47, 48] , have been reported to enable or facilitate at least certain types of neurons to fire AP repetitively into trains. These currents were not singled out for observation in the present study, and hence whether they were present in the Na + currents we observed is not known. In hippocampal pyramidal neurons, repetitive firing that resulted in an AP train was shown to be regulated by rapid activating K + channels [49, 50] . In the present study, rapid activating K + currents were observed throughout P3-P6, but to our surprise they varied irregularly ( table 2 ) and were not correlated with a neuron's capability to fire AP trains or with the development of arousal-related behaviors. This lack of correlation also applies to the fast activating K + currents, which also varied irregularly ( table 2 ) . The different results may be due to differences in the kinds of neurons (mouse NGC vs. rat hippocampal pyramidal), and/or differences in ages (P3-P6 for mice vs. P5-P12 for rats). The major remaining K + current that regulates repolarization and hence, the frequency of AP, is the delayed rectifier current. This current constitutes most, if not the entirety, of the steady state current in the I-V chart and the positive currents elicited by the single voltage step. In the present study, this K + current -the delayed rectifier current -was found to increase monotonically ( table 1 ) and correlate with neuronal capacity to fire AP trains ( table 3 ), which are generally regarded as a unique functional feature of mature neurons [39, [51] [52] [53] . Thus, the monotonic increase in the expression of Na + in combination with the development of delayed rectifier K + channels in NGC neurons are the major contributors for the process of firing AP trains. Below we discuss its causative role in the development of arousal-related behaviors.
The significant correlations between the development of electrophysiological characteristics of NGC neurons and several behavioral measures of arousal imply that NGC neurons are involved in the development of behavioral arousal in the neonate. Three other cell types do not follow this time course. (1) Purkinje cells were already capable of firing AP trains on P3-P4 [35, 54] and are not inducers of movements [55] . Purkinje cells [34] and cerebral cortical pyramidal neurons [36] , both involved in motor regulation like NGC neurons, appear to develop well ahead of NGC neurons. (2) Similarly, rat cortical pyramidal neurons could be induced to fire TTX-blockable AP trains as early as P1 [36] . (3) To check another type of neuron with large cell bodies (like our NGC cells), we recorded from hippocampal CA1 in slices prepared from P4 mouse pups (see Results). At P4, NGC neurons were least likely to fire AP ( fig. 1 ) . In contrast, all 8 CA1 neurons fired APs at P4, 38% (3/8) fired single AP, and 62% fired AP trains. CA1 neurons recorded from rat brain slices were already firing AP trains at P2 [56] . From these comparisons it appears that the development of NGC neuronal characteristics over P3-P6 correlated convincingly with the development of behavioral arousal and has some degree of specificity.
Behavior
We examined the quiescence, wake, and movement times of neonatal mice from P3 to P6. We found that, during this period, the total duration of movement and the net distance of movement increased monotonically -the quiescence duration and the latency to first move also decreased monotonically ( fig. 6 , 7 ) . There are significant differences from P3 to P6: movement duration more than tripled, movement distance increased more than fourfold, quiescence duration decreased by approximately 30%, and movement latency shortened to one sixth of the P3 value.
During development, pups can grow more tolerant to colder temperature and become more likely to move at older ages. We observed behaviors at the same room temperature as that in the animal room, where the ambient temperature is the same as the temperature inside cages housing the pups and their mother. During all the tests, no pup was observed to curl up, indicating that the room temperature was not sensed as cold by the test subjects, regardless of age. When mouse pups are tested as a group, they tend to huddle up with littermates at low temperatures to keep warm. Under such test conditions, there is no significant difference between the numbers or the sizes (measured as perimeter) of the huddling aggregates, or ultrasonic vocalization between P4 and P8 pups [57] . Similarly in rats, thermoregulation is consistently poor up to P7 and improves significantly only afterward [58] . These observations in mice and rats indicate that the development of thermoregulation during our observed period of P3-P6 is insignificant and cannot account for the development of the behaviors we observed. Indeed, in rats at least, it has been reported that environmental temperature had a minimal influence on the degree of behavioral arousal seen in either familiar or unfamiliar environments [59] . Thus, mice progressed from virtually not arousable at P3 to readily aroused at P6 due to the maturation of CNS arousal systems, rather than development of thermoregulation.
The Development of Neuronal Capability to Fire Spike Trains
One major finding of the present study is the evolution of NGC neurons' capability to fire repeatedly in spike trains during the neonatal time window. The capability of neurons to fire repetitively may involve several ion channels, including the rapid activating K + (A-current) channel, delayed rectifier, Ca 2+ -activated K + channels, certain Ca 2+ and Na + channel subtypes, leak K + currents, and others [60] . For NGC neurons, however, changes in the A-current do not correlate with the progress of neuronal capability to fire spike trains or do arousal-related behaviors ( table 2 ) . In tightly packed brain or brain slices, K + that leaked from cells is trapped in the narrow intercellular space and can cause depolarization and facilitate repetitive firing. In a parallel study using cultures of neurons dissociated from the hindbrain of mouse embryos, we found neurons developed the capability to fire spike trains in a similar manner, though at a different time course (results not shown). Here, K + would leak into open space and would not have any significant contribution to membrane potential. Thus, leak K + channels do not seem to be important for repetitive firing for hindbrain/NGC neurons. Ca 2+ -activated K + channels do not seem to be important either because, throughout the present study, we have not seen obvious afterhyperpolarizations ( fig. 1 b,  c) , i.e. signs of the activation of these channels. Also, the development of NGC neurons' capability to fire single APs did not progress in an orderly time course or correlate with the development of arousal behaviors, indicating that the development of voltage-gated Na + channels alone, required for an AP, is not sufficient. In contrast to all these, the delayed rectifier developed in an orderly monotonic fashion, and correlated with the development of repeated firing and arousal-related behaviors ( tables 1 , 3 ). We believe the delayed rectifier K + channel and its corresponding gene, probably Kv2 [61] , are the best targets for manipulating NGC neurons' capability to fire spike trains in evaluating whether the development of this neuronal characteristic is causally related to the development of arousal behaviors.
The Mechanism of NGC Neurons Inducing Arousal
Previous studies [62, 63] have shown that medullary reticulospinal actions foster increased behavioral reactivity in the following way: electrical stimulation of hindbrain reticular formation neurons potentiate motoneuronal responses to a given strength of segmental stimulus input. That is, descending signals from the medullary reticular formation effectively increase the slope of the stimulus-response curve. In addition, optogenetic or electrical excitation or disinhibition of NGC neurons modulate the cortical EEG of the deeply anesthetized animal from slow wave or burst suppression mode to activated high-frequency activity [17] . All of these demonstrations were in adults. It appears that during the neonatal developmental period studied in the present paper, the increasing excitability of NGC neurons allows them to play the roles demonstrated in the previous papers, thus permitting the animals studied here to be active behaviorally as measured here.
Comments on Methods
To study relationships between mouse brain neurons and behaviors, an ideal way is to record NGC neurons in conscious mice to observe both neuronal activity and animal behaviors simultaneously. This can be done with chronically implanted electrodes or the 'head-fixed method' [64, 65] . The former method requires lengthy recovery time and hence is impractical or impossible for P3-P6 pups. The latter method records from a neuron(s) by lowering a recording electrode blindly into the brain until some activity is detected. We have, in fact, used this method to study the activity of NGC neurons and behaviors, simultaneously, in adult mice [17] . This method, however, will sample only neurons capable of spontaneous firing of AP. Since NGC neurons P3-P6 are silent and we are assessing their excitability as a function of age, this method is obviously not suitable. We therefore used what we considered the next best way -using brain slices that contain NGC. In the predominant absence of reticular fibers at early life, NGC neurons can be easily visualized. This, together with the help of infrared differential interference contrast microscopy, and with anatomical landmarks, makes the patching on silent NGC neurons easy.
To ensure that NGC neurons are recorded, the use of genetically engineered mice with NGC neurons specifically labeled with a marker(s) would be ideal. To our best knowledge, there is only one such mouse line that has some NGC neurons labeled with Chx10 [66] . However, since Chx10 marker labels only a subpopulation (40%) of NGC neurons, study of such neurons would lead to biased results. The marker is nonspecific for NGC neurons; it also labels neurons elsewhere. More importantly, Chx10-labeled (V2a) brainstem neurons exert inhibitory influence on locomotion [67] , a function opposite of that expected of neurons involved in arousal. Since we intended to study large NGC neurons that may regulate arousal, neurons with Chx10 marker are of little use. We have been working very hard in attempts to generate a mouse line with marked NGC neurons, but in spite of our attempts, such mice are not yet available.
Inference that NGC Neuronal Maturation Fosters the Development of Behavioral Arousal
In addition to the correlations discussed above between the expression of Na + channels in combination with the development of delayed rectifier K + channels in NGC neurons and the development of arousal-related behaviors during P3-P6, the causal relationship between NGC neurons and arousal has already been indicated by several pieces of evidence in the literature. The importance of NGC in CNS arousal has been reviewed [9, 17] .
Regarding the main hallmark of behavioral arousal, the initiation of motor activity, microtransections of descending reticulospinal tracts resulting in degeneration of NGC neurons caused motor disturbances indicating that NGC neurons are involved in movement initiation [68] . This indication is further supported by other reports [16, 19, 66] . Conversely, in the anesthetized rat, stimulation of NGC caused the appearance of high-frequency, low-amplitude 'waking' EEGs [20] . In behaving rats, stimulation of NGC can increase and generate various behaviors including behavioral arousal [69] . These findings were recently further reinforced and extended to mice by the fact that both electrical and chemical stimulation could evoke arousal-related behaviors [17] . Putting together the close correlations of NGC electrophysiology and arousal reported in the Results and the literature extant, it becomes clear that NGC neuronal development is critically important for the development of behavioral arousal in the neonate.
